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We propose a model for the consistent interpretation of the transport behavior of manganese perovskites in
both the metallic and insulating regimes. The concept of polarons as charge carriers in the metallic ferromagnetic
phase of manganites also solves the conflict between transport models, which usually neglects polaron effects
in the metallic phase, and, on the other hand, optical conductivity, angle-resolved spectroscopy, and neutron
scattering measurements, which identify polarons in the metallic phase of manganites down to 6 K. Transport
characterizations of epitaxial La0.7Sr0.3MnO3 thin films in the thickness range of 5–40 nm and temperature
interval of 25–410 K have been accurately collected. We show that taking into account polaron effects allows
us to achieve an excellent fit of the transport curves in the whole temperature range. The current carriers
density collapse picture accurately accounts for the properties variation across the metal-insulator transitions.
The electron-phonon coupling parameter γ estimations are in a good agreement with theoretical predictions. The
results promote a clear and straightforward quantitative description of the manganite films involved in charge
transport device applications and promises to describe other oxide systems involving a metal-insulator transition.
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Ferromagnetic manganites are a prototypical example of
the so-called half-metallic materials, i.e., materials with 100%
spin polarization at 0 K. Although their possible application
in commercial spintronics is prevented by a relatively low
Curie temperature (TC  370 K), manganites represent an
ideal laboratory tool to test spin transport in various materials
and to search for pioneering device paradigms [1,2]. Thus,
the use of manganites have significantly contributed to the
field of organic spintronics, where almost half of the reported
devices have La0.7Sr0.3MnO3 (LSMO) as an injector [3]. In this
context, revealing in a most exhaustive and comprehensive
way, the transport properties of these materials looks both
captivating and thought provoking.
The transport properties of manganites are strongly linked
to their ferromagnetism and are generally described in the
framework of the so-called double-exchange mechanism:
below TC the exchange interaction between Mn cations
through oxygen anions favors ferromagnetism and electron
delocalization along the Mn-O-Mn bonds, while above TC ,
thermal disorder disrupts this delocalization leading to a
metal-insulator transition (MIT) [4]. Nevertheless, this basic
picture appears to be conceptually insufficient to describe the
physics of manganites, in general, and LSMO, in particular
[5]: the strong role of polaron effects in manganites has
been pointed out [6], and good experimental evidence has
been provided by a variety of methods [6–13]. Moreover,
manganites were proposed as an example of a polaron Fermi
liquid [7].
Although the presence of polarons in the metallic phase
of LSMO (down to 6 K) has been demonstrated by optical
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conductivity and reflectivity [8,9] and a polaron metal phase
has been indicated in metallic La2−2xSr1+2xMn2O7 by angle-
resolved photoemission spectroscopy [14] and neutron scatter-
ing [15], explicit evidence of the polaron effects from transport
characterizations was, up to now, still missing. Indeed, despite
these convincing proves, the dominating trend in literature
is to describe the resistivity of manganites via a T 2 + T 5
behavior, ignoring, thus, the polaron effects (see, for instance,
a very recent communication in Ref. [16]). The few attempts to
include polarons in the transport description of the manganites
were mainly oversimplified, leaving open the issue of real
nature of charge carriers [17,18].
The standard polaron theory states that at low temperature,
polarons can form a band and move without thermal activation,
carrying their polarization with them [19]. The polaron band
narrows with increasing temperature due to the corresponding
increase of the polaron effective mass. When the bandwidth
is comparable with kBT , the band picture breaks down, and
the transport becomes thermally activated. This happens at the
transition temperature Tt ≈ ω02kB , where ω0 is the dominant
phonon mode coupled to the electron [20]. The polaron band
narrowing due to the increase of the polaron effective mass
in ionic materials is a known effect and is described by the
Sewell model by taking into account the atomicity of the lattice
[20,21].
As mentioned above, most of the attempts tend to promote
the description of the transport in LSMO without involving
the polaron effects, though including the electron phonon
interaction in the transport equations in four different ways.
(i) A simple combination of electron-phonon interaction
T 5 term and electron-electron interaction T 2 term in R(T ) =
R0 + R2T 2 + R5T 5 is often performed neglecting that the
T 5 dependence of the electron-phonon interaction is just
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a simplification of the case of a monovalent metal with a
spherical Fermi surface and an oversimplified representation
of the electron-phonon interaction matrix [22]; indeed the
T 5 resistivity coefficient appears to vary considerably with
temperature and is determined by imposing the T 5 dependence
in limited temperature ranges, even in alkali metals [22]. This
description of the electron phonon coupling appears even
more inappropriate for LSMO, which has different valence
states, carrier concentration, and nonspherical Fermi surface
[23]. When applied [24–28], this approach gave unrealistic
values for the T 5 coefficient, which is found to be one to
two orders of magnitude lower than in metals [29,30]. These
findings are in obvious contradiction with the strong electron-
phonon coupling, known to govern the physics of manganites
[6,12,18,31–35]. The basic problem is nevertheless the clear
failure of this approach to fit the main R(T ) features when
applied in an extended temperature range, as represented in
Fig. 3.
(ii) In the second approach, the electron-magnon interac-
tion T 9/2 term [36] substitutes the T 5 in the T 2 + T 5 approach.
The treatment of the electron-magnon scattering that leads
to the T 9/2 term was conducted by neglecting explicitly the
coupling between electrons and phonons and holding the ions
rigidly in their equilibrium position [36]; thus, it appears to
not be suitable for manganites, whose physics is governed by
electron-phonon coupling. Indeed, when applied, this does not
improve the accuracy of the fit, requiring T 9/2 coefficients too
low to be physically meaningful [28,37].
(iii) Even the use of a more generic T α term, where α
is a fitting parameter without a clear link to a scattering
mechanism, does not lead to significant improvements [38].
(iv) Finally, an accurate use of the Bloch-Gru¨neisen inte-
gral was attempted by Varshney et al. [17,18,34,35,39–42].
Their model was found to fit very well the experimental data
measured on polycrystalline samples [17,18,34,39–43], while
for epitaxial films, a good fit could be achieved only at low
temperatures [35].
As mentioned above, the attempts at inserting polaron
effects in the transport equations were somehow simplistic.
Thus, in one of the very few available communications,
the polarons have been included by considering the general
expression for the mobility μ = eτ
m∗ , where e, m
∗
, and τ
are, respectively, the electronic charge, the effective mass,
and the scattering time, and τ is assumed to correspond to
a polaron behavior [44,45]. A successful fit was achieved only
below 100 K, although the authors used the expression for the
scattering time derived by Lang and Firsov [46] for insulating
polarons instead of that for the metallic case [47]. Even the
application of the model for this temperature interval was not
clearly justified. Indeed, the fit defined the value ω0
kB
≈ 80 K,
and given that the applicability condition of the model is
T  ω0
kB
, the analysis should have to be limited to much lower
temperatures.
Thus, the clear contradiction between transport and optical
data sheds doubts on the real role of polarons in these
materials and requires an accurate investigation. We show
in this paper that transport in high-quality LSMO thin films
is fully compatible with the polaron picture, when properly
constructed, which provides an excellent fit with physically
meaningful and realistic parameters.
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FIG. 1. (Color online) Characterization of a 12-nm-thick LSMO
deposited on STO (100): (a) 9 × 9 μm2 AFM image and (b) XRD
pattern showing (001), (002), and (003) reflections.
LSMO epitaxial thin films were deposited by channel-spark
ablation on SrTiO3 (100) (STO) and NdGaO3 (110) (NGO)
substrates [48]. The R(T ) measurements were performed in a
closed-cycle helium cryostat with four contacts made by silver
paste [45]. The polarity inversion method has been used in
order to rule out systematic errors [49]. All the measurements
start at 25 K, and the heating rate is between 0.2 and 0.3 K/min.
The electronic structure of the films used in this work, briefly
shown elsewhere [50], is very similar to that known for single
crystals, demonstrating the high quality of the films and, as a
consequence, the general validity of the proposed model.
Figure 1(a) shows a 9 × 9 μm2 atomic force microscopy
(AFM) image of the LSMO surface for a typical 12 nm film
deposited on STO substrate: the peak to valley corrugation is
confined 2 nm, and the root mean square (rms) roughness is
0.25 nm. On a larger area, some particulate originating from
the ablation process increases the overall rms roughness to
0.6–0.7 nm. The epitaxial quality of the samples is shown
by the x-ray diffraction (XRD) pattern: Fig. 1(b) shows
the data for a typical 12 nm LSMO film grown on STO.
The (001), (002), and (003) reflections are detected. The
peaks of the film are superimposed with the ones of the
substrate, demonstrating the epitaxial quality. Figure 2 shows
the resistivity data of some films versus T/TMI ; this choice
is motivated by the MIT temperature being perceived as
the most relevant parameters for the electronic properties of
manganites, regardless they are characterized by intermediate
or weak electron-phonon coupling [51–53]. The resistivity
values are perfectly in line with the ones known for LSMO
films [54,55]. Figures 3 to 5 show detailed experimental
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FIG. 2. Resistivity data of selected films plotted versus T/TMI .
The trend and the values are in line with the state of the art. The
values of the TMI for each thickness value can be obtained from the
individual graphs.
data about the resistance as a function of temperature
(in log-log scale) collected in 0.1 K steps. While we note
that the temperature trend is generally akin to most of the
data available in the literature, we concentrate on an explicit
quantitative treatment of these curves. We choose to fit the bare
measured quantity, i.e., resistance instead of resistivity, since
we aim to focus on the temperature behavior of the measured
quantity and there is only a geometrical factor [56].
In order to demonstrate the validity of the polaron metal
transport model proposed in this paper and to assert its general
relevance, the model is successfully applied to the metal-
lic phase of single crystals of La0.67Ca0.33MnO3 (LCMO),
La0.67(Ca1/3Pb2/3)0.33MnO3 (LCPMO), and LSMO, taking the
data from the literature [57], and the showing the results in
Fig. 6. Moreover, the current carrier density collapse (CCDC)
model has been applied to fit the data on LCMO in the whole
temperature range.
We first analyze the metallic parts of the R(T ) curves and
apply Matthiessen’s rule to the transport properties. In this
framework, the mobility μ is described as 1
μ
= ∑i 1μi , where i
represents a specific scattering mechanism with its temperature
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FIG. 3. (Color online) Transport data of a 40 nm LSMO/NGO
film; the fits with the polaron and polynomial models are presented.
While the polaron metal model [Eq. (2)] features an excellent
agreement with the data, the polynomial model shows poor agreement
and unrealistic values of the coefficients. The inset shows the
linearization of the low T data when plotted versus T 2 from which
we obtain the R0 and R2 coefficients.
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FIG. 4. (Color online) Transport data and fits for a 9 nm LSMO
and STO thin film; the metallic side is fitted with Eq. (2), while the
insulating branch is described by thermal activated adiabatic hopping,
which linearizes the data above the MIT (inset). The whole R(T ) is
fitted by Eq. (3).
dependence [58]. Furthermore, we consider the electrical
resistance to be proportional to the inverse of the mobility
and assume μ = eτ
m∗ , where e, m
∗
, and τ are, respectively, the
electronic charge, the effective mass, and the scattering time.
First, we note that R(T ) data can be linearized by plotting R
versus T 2 in a relatively wide range of temperatures, approx-
imately for 25 < T < 60–80 K, depending on film thickness.
It should be noted that such an unusually wide interval of
validity for a pure T 2 dependence is quite characteristic for
strongly correlated materials [59–63], although its origin is
not yet fully understood [59]. In this paper, we take advantage
of this to graphically define the coefficients R0 and R2.
In order to understand the transport above 80 K, we
introduce the electron-phonon interaction. We observe that
in strongly polarizable materials, such as oxides, it is suf-
ficient to consider only the contribution to the electron-
phonon interaction of optical phonons [64]. Assuming the
Einstein model for lattice vibration, we limit the treatment
at only one optical phonon ω0. Thus, the effective mass
of the polaron exponentially increases with temperature
as m∗ = m0exp[g2coth( ω02kBT )] [20,21,65], where m0 is the
free electron mass and g2 = γ ESP
ω0
is the zero temperature
band-narrowing factor: polaron bandwidth narrows as w =
w0exp[g2coth( ω02kBT )], where w0 is the electron half bandwidth[20,21,65]. ESP is the polaron level shift and represents the
amount by which the middle electronic band falls as a result
of the potential well created by the lattice deformation, and
γ is the dimensionless electron-phonon interaction parameter.
ESP in LSMO is estimated to be about 0.85 eV [32] and γ is
expected to be less than unity [64]. In the fit, we set ω0 =
425 cm−1, which is the most characteristic phonon mode in
metallic rhombohedral LSMO [11,66,67].
In addition to the effective mass approach, we adopt
for the scattering time of the electron-phonon interaction
an expression working in narrow bands, where two-phonon
scattering is important, 1
τe−ph
≈ wγ 4nω(nω + 1); w is the
bandwidth, γ the electron-phonon coupling parameter, and
nω = 1/(exp( ωkBT ) − 1) [68]. The description of the lattice
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FIG. 5. (Color online) Transport data and fits of films of different
thickness t deposited on STO. The metallic side is fitted with Eq. (2),
while the insulating branch is described by thermal activated adiabatic
hopping; the 35-nm-thick film seems to present a metal-to-metal
transition, and the metallic data at the higher temperatures have been
fitted using Eq. (2) but with a constant effective mass. The whole
R(T ) is fitted by Eq. (3).
effect on the mobility becomes, thus,
1
μe−ph
≈ m∗ 1
τe−ph
≈ m∗wγ 4nω(nω + 1)
∝ exp
[
2g2coth
(
ω0
2kBT
)]
exp
(
ω0
kBT
)
(
exp
(
ω0
kBT
)− 1)2 . (1)
Together with the T 2 dependence, empirically found,
and considering Matthiessen’s rule 1
μ
= ∑i 1μi ,R ∝ 1μ,R =∑
i Ri , one comes to the final expression for the metallic
branch RM (T ) of the total R(T ):
RM (T ) = R0 + R2T 2 + CFMexp
[
2g2coth
(
ω0
2kBT
)]
× exp
(
ω0
kBT
)
(
exp
(
ω0
kBT
)− 1)2 . (2)
The real fitting parameters are only g2 and CFM , the
latter representing the proportionality constant between the
resistance and the inverse of the electron-phonon dependent
mobility (FM refers to the ferromagnetic phase); R0 and R2 are
obtained graphically, and ω0 was set as a constant as stated
above. We stress that we consider the carrier density to be
constant; we show later that this approximation is consistent.
The fitting results of the RM (T ) with this model are shown
in Figs. 3–5 for six different films, and the agreement between
the experimental data and the model is excellent (green lines).
Very similar γ values (0.33–0.35) have been obtained for four
samples out of the five deposited on STO, while it was slightly
lower for the NGO case (0.27). Although, to the best of our
knowledge, there are no other experimental measurements
of the dimensionless γ for manganites, these are reliable
values for manganites because they are similar to the ones for
cuprates, about 0.3, as expected from theoretical consideration
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FIG. 6. Fits of transport data for single crystal manganites having
different composition; the excellent agreement demonstrates the
validity of the model; points are experimental data taken from
literature [57].
[32] and are consistent with the picture developed by Millis
et al. [69] for manganites; moreover, when we compute γ with
the method described in literature [64], we obtain γ = 0.32.
The phonon we have chosen corresponds to a temperature
of 600 K, which is about twice the observed MIT temperature,
below which the polaron picture is applicable [20,21], and to
an energy of 0.05 eV, which is close to the one used in a recent
theory of colossal magnetoresistance (CMR) manganites [31].
Figure 3 shows the transport data and fits for a 40-nm-thick
LSMO thin film deposited on NGO. This case is representative
for all the samples. It is also clear that the polynomial fit
approach (pink line) fails to follow the data above 120 K and
that the T 5 coefficient is unphysically low, about nine orders
of magnitude lower than the T 2 coefficient (we use the R5 > 0
constraint in the numerical fit).
We would like to emphasize that the term describing the
polaron contribution to the resistance differs from the one
used by Varshney and Kaurav [35] for the optical phonon by
solving the Bloch-Gru¨neisen integral in the assumption of an
Einstein phonons distribution for the exp[2g2coth( ω02kBT )] term,
confirming that the proper consideration of the temperature
effect on the polaron bandwidth was the missing element
in their work. Moreover, it is possible to observe by few
steps that
exp( ω0
kB T
)
(exp( ω0
kB T
)−1)2 =
1
4sinh2( ω02kB T )
, which is the dominant
temperature dependence of the scattering time for the small
polaron tunnelling in the Lang-Firsov theory [47].
Transport behavior above the MIT is now addressed. It is
mandatory to specify that the existence of a MIT by itself is
still a question of debate: single crystals sometimes seem to
feature a metal-to-metal transition, and the phase above TC
was identified as a paramagnetic metal [70], but the samples
were measured up to only 500 K, while measurements up to
1100 K featured an extremely broad MIT [28]. We propose
to define a metal-to-metal transition only when the criterion
d2ρ
dT 2
> 0 is satisfied above the transition and not when it simply
is dρ
dT
> 0, since the condition when dρ
dT
> 0 but d
2ρ
dT 2
< 0 can
just be the beginning of a (broad) metal-to-insulator transition
and the behavior cannot be regarded as metallic, although
dρ
dT
> 0. A metal-metal transition was found only in the 35 nm
LSMO film grown on STO; thus, we are not able to solve this
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TABLE I. Relevant fit parameters for epitaxial films—this work.
t (nm) Substrate R0 () R2 (/K2) CFM () γ ,CPM or R5 	 (K) χs
40 NGO 32 2 × 10−3 9 × 10−2 0.27 R5 = 3 × 10−11 /K5 – 0.9999
5 STO 440 2.5 × 10−2 0.19 0.33  = 0.16 eV 24.2 1
9 STO 750 4 × 10−2 6.4 × 10−2 0.33  = 0.10 eV 35.6 1
13 STO 155 8 × 10−3 3.0 0.19  = 0.12 eV 28.1 0.9995
20 STO 110 8 × 10−3 5.5 × 10−3 0.35  = 0.14 eV 46.2 0.9989
35 STO 30 2 × 10−2 2.8 × 10−4 0.35 CPM = 10−3  15.5 0.9999
debate, but we will show that the model we propose works
also in this scenario.
Concerning the case of a MIT, the data above the MIT can
be linearized by plotting ln(R/T ) versus 1/T (inset to Fig. 3),
indicating standard adiabatic hopping in agreement with both
experimental data [28] and polaron theory [20]. In particular,
this is consistent with the bipolaron theory developed for
CMR and enables us to use the CCDC picture to describe
the MIT [31,33,71]. The equation for the insulating branch
of R(T ) is therefore RI (T ) = AT exp(− 2kBT ), where A is
a constant and  is the bipolaron binding energy. We find
 0.1 eV, consistent with the known values for manganites
[24,33] and confirming, when compared with LSMO samples
having different grain sizes distributions [72], the general high
degree of structural order of the samples.
The overall R(T ) is described by
R(T ) = Rf (T )M (T ) · R1−f (T )I (T ), (3)
where RM and RI are the fitting equations below and above the
MIT and f (T ) = { 12 (1 − erf ( T −Tt	 ))}ς represents the fraction
of metallic phase; note that a nonideality exponent ς is added
in respect to the original CCDC model [31,33]. This way,
to mix RM and RI takes count of a phase separation scenario
[73], which is known to happen during the MIT in LSMO [74].
The whole R(T ) is fitted by setting the parameters obtained
for the two separate RM (T ) and RI (T ) branches as constants
so that in this final step, the only fitting parameters are those
in f .
Concerning the case of a metal-metal transition, we
first have to stress that a theory that consistently explains
such a transition does not exist, and all the theories for
manganites predict a transition towards an insulating state
[10,31,33,69,75,76]. Nevertheless, the data above the tran-
sition, corresponding to a supposed paramagnetic metallic
phase, [70] are described with the electron-phonon coupling
term but considering a constant effective mass (since the
polaron band picture with the exponential increase of the
effective mass is broken) and the temperature acting only on
the phonon population nω. This leads to RPM (T ) = R0,PM +
CPMnω(nω + 1), where PM stands for paramagnetic metal
phase [70]. In Eq. (3) RI will be substituted by RPM .
Figures 4 and 5 show the fits of the insulating phase (red
line) for a few films of various thicknesses t deposited on STO
and the most relevant fit parameters are reported in Table I.
The high value of the χs , close, or even equal, to 1, is due
not only to the goodness of the model but also to the high
number of data points (some ten thousands), which permits us
to consider some possible noise, as in the 20-nm-thick sample,
simply as an enlarged error bar. For the samples featuring the
MIT,  is shown, while for the sample featuring a metal-metal
transition, the CPM coefficient is reported and for the 40 nm
film on NGO the values of the (ruled out) R5 coefficient is also
reported. The transition width 	 is relatively broad (25–40 K),
in agreement with M(T ) measurements [48].
The low value of the nonideality exponent (ς ≈ 1.03) con-
firms the suitability of the CCDC model. In the CCDC picture,
the carrier density is almost constant up to a temperature of
0.9·Tc in LSMO [37], showing that the constant carrier density
approximation is realistic in the metallic side; it collapses just
when the polaron band picture breaks down.
Figure 5 shows also the fit for the higher temperature
region in the case of a metal-to-metal transition. We obtain
a transition temperature of 333 K, which gives sense to the
CPM/CFM ratio value. In fact, the polaron effective mass
increase term exp[2g2coth( ω02kBT )] at the transition temperature
is 1.05 × 106, which is of the same order of the CPM/CFM
ratio, meaning that once the effective mass increase breaks
the polaron band picture, the carriers conserve their effective
mass.
In order to demonstrate the validity and the general
relevance of the proposed polaron metal transport model,
the model is applied to the metallic phase of single crystals
of LCMO, LCPMO, and LSMO, taking the data from the
literature [57], and the results are shown in Fig. 6. The fits
have been conducted as for LSMO films: data are linearized by
plotting ρ versus T 2 and with the obtained coefficients, Eq. (2)
is applied from the lowest temperature value to 0.9 · TMI .
The parameters of the numerical fit are CPM and g2, and
we impose the phonon ω0. While the characteristic mode
for rhombohedral manganite is420 cm−1, for orthorhombic
manganites, it is230 cm−1 [11], so for LCMO, the dominant
mode ω0 = 235 cm−1 [11] has been chosen. For LCPMO,
although the spectroscopic data are absent, we extrapolate
ω0 = 243 cm−1, considering its TC [70] and the trend for or-
thorhombic manganites [11,57]; for LSMO ω0 = 425 cm−1
has been kept. It is possible to observe the excellent agreement
for both LPCM and LSMO—so, concerning LSMO, the model
is extended also to single crystals grown and measured by other
groups. Moreover the slight discrepancy in fitting the LCMO
data near the MIT is solved when the data on LCMO in the
whole temperature range are fitted using the CCDC model. Fit
parameters are reported in Table II. It is possible to observe
that the fit accuracy is poorer and γ is lower than the one for
the film deposited in this work. These facts can be ascribed to
both the single crystal nature of the samples (intrinsic nature
of the materials) or to some imprecision in the digitalization
of the original published figure (extrinsic causes).
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TABLE II. Relevant fit parameters for single crystals—experimental data from Ref. [57].
Compound ρ0 ( cm) ρ2 ( cm/K2) CFM ( cm) γ  (eV) 	 (K) χs
LCMO 1.4 × 10−4 1.4 × 10−8 1 × 10−9 0.18 0.16 5.5 0.996
LCPMO 9.5 × 10−5 1.0 × 10−8 2.5 × 10−10 0.16 – – 0.994
LSMO 5.4 × 10−5 7.4 × 10−9 7.7 × 10−7 0.18 – – 0.994
In summary, we demonstrated that by taking accurately into
account the polaron concepts, a comprehensive description
and an excellent fit of charge transport characteristics in
manganite thin films is achieved both below and above the
MIT. This finding by itself cannot represent sufficient proof
for strong polaron effects in LSMO. Nevertheless, it adds
significant value to optical-based proofs promoting polarons
as dominant carriers in the ferromagnetic and metallic phase
of LSMO, other similar manganites, and, feasibly, in other
strongly correlated oxide compounds featuring the MIT.
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